INTRODUCTION
============

Heat shock (HS), or hyperthermia, is one of the better-known exogenous cellular stresses. This phenomenon represents the subjection of a whole organism (or particular cells) to an abnormally high environmental temperature. An increase in temperature can cause protein unfolding and aggregation, which can lead to a variety of cellular pathologies, such as defects of the cytoskeleton ([@B52]), fragmentation of the endoplasmic reticulum and Golgi apparatus, a decreasing number of mitochondria and lysosomes ([@B59]), and poisoning of RNA splicing ([@B53]; [@B3]), among others (for a review, see [@B36]). Although the optimal temperature range and corresponding extreme levels of environmental temperature differ between organism classes, the defensive mechanism, known as the HS response, is highly conserved among species. Since its discovery in 1962 ([@B37], [@B38]), the HS response has been studied extensively to understand the molecular mechanisms of this process. On the molecular level, the most studied trait of the HS response is the induction of the expression and subsequent functioning of a set of highly conserved factors, known as HS proteins (HSPs; [@B60]; [@B36]). The earliest HSPs to be discovered, such as HSP70 and HSP90 ([@B58]), function as molecular chaperones that facilitate protein folding and assembly ([@B15]; [@B18]). Recent genome-wide studies of gene expression showed that the transcription of 50--200 genes was upregulated under HS conditions in a variety of model organisms ([@B13]; [@B49]). These stress-induced genes encode not only molecular chaperones but also factors that participate in protein degradation and transport and RNA repair, among other processes ([@B36]). Hyperthermia-induced up-regulation of HSP transcription is mediated by HS transcription factors (HSFs), which are constitutively expressed in higher eukaryotes and become activated under HS conditions ([@B41]; [@B1]). Although the influence of HS on higher eukaryotes has been extensively studied, little is known about its effects on DNA and DNA-associated processes, such as DNA repair and replication. Several works published in the early 1980s focused on the impact of HS on DNA synthesis. It was shown, mainly using radioactive labeling and sucrose gradient sedimentation, that the exposure of Chinese hamster ovary and HeLa cells to heat inhibited DNA replication ([@B62]; [@B55], [@B56]). This inhibitory effect was suggested to be a source of chromosomal aberrations in S-phase cells exposed to HS ([@B10]). Since then, only a few papers concretizing the mechanisms of HS-induced inhibition of DNA replication have appeared. It has been suggested that the nucleolus functions as a heat sensor that uses nucleolin as a signaling molecule to initiate inhibitory responses equivalent to a checkpoint ([@B54]). This effect appears to be mediated by the association of nucleolin with replication factor A (RPA; [@B54]; [@B20]). Nevertheless, the exact molecular mechanism of the inhibition of DNA synthesis evoked by hyperthermia in higher eukaryotes is still unclear. We know that this phenomenon does exist, but we do not know whether the inhibition is an arrest or merely a slowing of the replication process, whether it has any epigenetic marks, or whether there are any defensive mechanisms protecting genomic integrity under the conditions of DNA synthesis suppression by HS.

It had been generally accepted for years that HS does not induce DNA double-stranded breaks (DSBs), only single-stranded breaks originate as a result of DNA replication inhibition ([@B9]; [@B23]; [@B57]). However, during the past 10 yr, it has been shown by several groups that HS might stimulate the phosphorylation of histone H2AX ([@B24]; [@B19]; [@B51]; [@B28], [@B29]), which is a variant of the core histone H2A. The phosphorylation of Ser-139 in the C-terminus of H2AX by ATM, ATR, or DNA-PK is believed to be one of the first events in DNA damage response ([@B40]; [@B35]). Since its discovery, this modification, known as γH2AX, was regarded as a universal marker of DNA DSBs ([@B40]). Phosphorylation induced at a site of a DSB is amplified and can spread along the DNA fiber for kilobases or even megabases from the initial DSB ([@B39]). It was determined that a single γH2AX focus visualized immunocytochemically corresponds to one DSB ([@B43]). As for HS-induced γH2AX foci formation, the published data and their interpretation are contradictory; whereas two groups of investigators argue that γH2AX does mark DSBs induced by HS ([@B24]; [@B51]), the third group favors the view that H2AX phosphorylation in heat-stressed cells does not occur due to DNA damage but is a by-product of other cellular processes perturbed by HS ([@B19]; [@B28], [@B29]). This point of view is indirectly supported by recent evidence suggesting DSB-independent phosphorylation of H2AX ([@B16]; [@B19]; [@B45]; [@B28], [@B29]).

In this study, we show that HS affects DNA structure and DNA-associated processes in a cell cycle phase--dependent manner. In G1 and G2 cells, HS induces a countable number of DNA DSBs, which are marked by γH2AX. In contrast, in S-phase cells, HS does not induce DSBs but causes an arrest or deceleration of the progression of the replication forks in a temperature-dependent manner. Interestingly, this response also provoked the phosphorylation of H2AX, which appeared at sites of replication (replication foci). Moreover, the results obtained suggested that the phosphorylation of H2AX at or close to a replication fork rescued the fork from total collapse. Collectively our data suggest HS might have a dual effect on the DNA integrity in an asynchronous cell culture and phosphorylation of H2AX has a directly protective effect on the arrested replication forks in addition to its known DSB signaling function.

RESULTS
=======

HS induces H2AX phosphorylation in human cells
----------------------------------------------

To address the question of whether phosphorylation of H2AX induced by HS has a functional role in higher eukaryotes, we first verified that this phenomenon exists and may be observed in different cells. We used acute (30-min) HS with temperatures ranging between 42 and 45.5ºC. To determine whether the conditions used represented a functional HS, we measured the mRNA levels of several HSPs (hsp70, hsp40, and hsp105/110) in control cells and in cells stressed by cultivation at the above-mentioned temperatures for 30 min. Quantitative reverse transcriptase PCR analysis showed that the expression of the HSPs increased in response to the treatments used (Supplemental Figure S1). Another important question that had to be asked was whether the conditions of HS being used were physiologically relevant and did not affect cell viability. To check this, we analyzed the viability of the cells at different stages (immediately after HS and at different recovery time points) using two approaches: MTT assay (Figure S2) and the trypan blue exclusion method (data not shown). It is evident that that the HS conditions used in our study did not lead to cell death. Moreover, when placed in normal conditions, the HS-treated cells continued to divide and displayed the same proliferation rate as the control cells. After these preparatory experiments, control and heat-shocked mcf-7 cells were immunostained using an antibody against γH2AX ([Figure 1A](#F1){ref-type="fig"}). This experiment clearly demonstrated that the control cells did not contain any γH2AX foci, whereas the heat-stressed ones did. Practically the same results were obtained using another cancer cell line, Jurkat, and primary cultures of human embryonic fibroblasts (data not shown). To verify that the γH2AX foci observed in heat-stressed cells were not an artifact, we performed immunostaining using another antibody against γH2AX and, as expected, obtained similar results (data not shown). Finally, we checked the effect of HS on H2AX phosphorylation using a biochemical approach. [Figure 1B](#F1){ref-type="fig"} shows the appearance of the phosphorylated form of H2AX in the nuclear extracts of heat-stressed cells analyzed by Western blot hybridization. Thus our data, along with the results of [@B51]), strongly suggest that the phosphorylation of H2AX in response to HS is a widespread phenomenon in mammals.

![Hyperthermia induces the phosphorylation of histone variant H2AX at Ser-139 in human cells. (A) Immunofluorescence analysis of γH2AX in control (untreated) human mcf-7 cells and cells that were heat-stressed at different temperatures (42, 44, and 45.5°C for 30 min). The DNA was stained with DAPI. Scale bar: 20 μm. (B) Western blot analysis of γH2AX in the nuclei of control (untreated, C) and heat-shocked (45.5°C, 30 min; HS) mcf-7 cells. Lamin B1 was used as a loading control. (C) Immunofluorescence analysis of heat-treated (45.5°C, 30 min) mcf-7 cells performed using a Leica SP2 confocal laser scanning microscope (scale bar: 20 μm). Enlarged cells with two different patterns of γH2AX distribution are shown on the right (scale bar: 5 μm). The DNA was stained with To-Pro 3 iodide fluorescent dye.](3450fig1){#F1}

It kindled our interest that the immunostained cells could be divided into two distinct groups according to the size/shape and number of γH2AX foci. One group contained a countable number of large-size foci visually similar to well-known irradiation-induced foci (IRIF; [@B31]; [@B47]), and the second contained numerous small-sized γH2AX foci ([Figure 1, A and C](#F1){ref-type="fig"}).

Patterns of HS-induced γH2AX foci are cell cycle phase--dependent
-----------------------------------------------------------------

To obtain more information about the distribution of γH2AX foci in HS-treated cells, we determined the percentage of cells containing different numbers of γH2AX foci. The results of this analysis ([Figure 2A](#F2){ref-type="fig"}) clearly demonstrate that two distinct cell populations exist: one containing 5--30 γH2AX foci and another containing 100 or more foci. It is notable that the percentage of cells containing numerous γH2AX foci was similar to the percentage of S-phase cells (45--50%), as determined by flow cytometry ([Figure 2B](#F1){ref-type="fig"}). It was tempting to suppose that the two populations of cells with different patterns of HS-induced γH2AX foci represent cells at different phases of the cycle. To check this supposition, we performed several complex immunostaining experiments. First, we labeled S-phase cells by a short (20-min) pulse of bromodeoxyuridine (BrdU), a nucleotide analogue that is incorporated into DNA during replication. This labeling was followed by HS (45.5ºC, 30 min). Finally, the cells were double-immunostained with antibodies against γH2AX and BrdU. The results shown in [Figure 2C](#F2){ref-type="fig"} demonstrate that the second pattern of γH2AX distribution (small-sized, numerous foci) was typical exclusively of BrdU-positive (i.e., S-phase) cells. Furthermore, the γH2AX foci in these cells virtually colocalized with the sites of BrdU incorporation. In contrast, the first pattern, which represents a countable number of IRIF-like γH2AX foci, was not observed in BrdU-positive cells and thus might be typical for cells in G1 or G2 or both. To distinguish between the above-mentioned possibilities, we stained heat-stressed cells with antibodies against γH2AX, cyclin B1 (a marker of G2 phase), and 5-ethynyl-2′-deoxyuridine (EdU), another nucleotide analogue that had been incorporated into S-phase cells before HS. The results presented in [Figure 2D](#F2){ref-type="fig"} demonstrate that the IRIF-like γH2AX foci were present in both G1 (EdU^−^, cyclin B1^−^) and G2 (EdU^−^, cyclin B1+) cells.

![Patterns of HS-induced γH2AX foci are dependent on the cell cycle phase. (A) The percentage of HS-treated (45.5°C, 30 min) mcf-7 cells possessing different numbers of γH2AX foci. More than 200 individual cells immunostained with anti-γH2AX antibody were analyzed. (B) Flow cytofluorometric analysis of the cell cycle distributions of the control (untreated) and heat-stressed cells. Aliquots of asynchronously proliferating control mcf-7 cells and cells that were heat-shocked for 30 min at 45.5°C were stained with propidium iodide and analyzed by flow cytometry. The relative DNA content of 500,000 cells was plotted against the cell number in each histogram. Calculated percentages of S-phase cells in each case are indicated below the corresponding histograms. (C) Human mcf-7 cells were pulse-labeled with BrdU (100 μM, 20 min), heat-stressed (45.5°C, 30 min), and double-immunostained against γH2AX and BrdU. The DNA was stained with DAPI. A superimposition of the green and red channels is shown in the last section (Merge). Scale bar: 20 μm. (D) Human mcf-7 cells were pulse-labeled with EdU (10 μM, 30 min), heat-stressed (45.5°C, 30 min), and immunostained against γH2AX and cyclin B1. EdU was revealed by Click Chemistry. A superimposition of the green, red, and blue channels is shown in the last section (Merge). Scale bar: 20 μm.](3450fig2){#F2}

HS induces the formation of DNA DSBs in G1 and G2 cells
-------------------------------------------------------

As was mentioned in the *Introduction*, γH2AX is regarded as a universal marker of DSBs ([@B40]; [@B35]). It was therefore reasonable to check whether HS-induced H2AX phosphorylation marks DSBs induced by HS. For this purpose, we used the single-cell gel electrophoresis (SCGE) technique, also known as the "comet assay." The modification of the method used---neutral SCGE---permitted us to analyze only DNA DSBs (for details, see *Materials and Methods*). The most meaningful parameter of comet---tail moment, which represents the tail length multiplied by the fraction of DNA in the tail---was chosen as a criterion for the degree of DNA breakage. As a positive control for the existence of DSBs, we used mcf-7 cells treated with the DNA topoisomerase II poison etoposide (also known as VP16; [@B2]; [@B34]). The mcf-7 cells, heat-stressed at 45.5ºC for 30 min, were studied in a parallel experiment ([Figure 3A](#F3){ref-type="fig"}). In spite of the massive H2AX phosphorylation, we observed only a minor increase of the tail moment in heat-stressed cells, and even this increase was detected not in the entire population but only in a small group of cells. Keeping in mind that HS induces two types of γH2AX foci depending on the cell cycle phase, we decided to analyze the induction of DSBs under HS conditions separately in S-phase and non--S-phase cells. With this aim, we used a modification of the comet assay that allowed us to discriminate S-phase cells based on the incorporation of BrdU ([Figure 3B](#F3){ref-type="fig"}; [@B33]). The results of the neutral BrdU-comet assay demonstrated that hyperthermia induced DSBs only in non--S-phase cells ([Figure 3C](#F3){ref-type="fig"}). Surprisingly, the tail moment of S-phase cells, which contained many more HS-induced γH2AX foci, remained unchanged ([Figure 3C](#F3){ref-type="fig"}). It is also interesting that the S-phase cells contained a significant number of single-stranded DNA breaks, as shown by an alkaline BrdU-comet assay ([Figure 3D](#F3){ref-type="fig"}). To verify the observed cell cycle phase--specific DSB induction under HS conditions, we used in situ DNA end-labeling assays utilizing two different enzymes, bacterial DNA polymerase I (PolI) and terminal deoxynucleotidyl transferase (TdT). The difference between the two is that PolI requires a DNA template and can incorporate nucleotides only at the site of a single-stranded nick or gap, whereas TdT can work without a template and simply adds nucleotides to the end of the DNA. These experiments demonstrated that both enzymes incorporated nucleotides (fluor-dUTP) in cells with the S-phase γH2AX foci distribution pattern ([Figure 4, A and B](#F4){ref-type="fig"}), but, in contrast to PolI, TdT incorporated fluor-dUTP in the nuclei of non--S-phase cells as well ([Figure 4B](#F4){ref-type="fig"}). Most importantly, TdT incorporated nucleotides exactly at the sites of H2AX phosphorylation ([Figure 4B](#F4){ref-type="fig"}, lower line). Together, the results of SCGE and in situ assays strongly suggest that HS induces double-stranded DNA break formation during the G1 and G2 phases of the cell cycle. Consequently, we decided to term the HS-induced γH2AX foci that appeared in G1 and G2 cells and did mark DSBs as DF (damage-associated foci).

![Analysis of HS-induced DNA damage by SCGE (comet assay). (A) Asynchronous mcf-7 cells (control) were treated with HS (45.5°C, 30 min) or etoposide (VP16; 5 μg/ml, 30 min) and then subjected to neutral SCGE analysis. The percentage of cells with different tail moments is shown (the results of one representative experiment out of three reproducibly repeated experiments). (B) A representative image of a BrdU-positive comet prepared by neutral BrdU-SCGE from heat-stressed mcf-7 cells. (C and D) Asynchronous mcf-7 cells (control) were pulse-labeled with BrdU (100 μM, 60 min), treated with HS (45.5°C, 30 min), and subjected to either neutral (C) or alkaline (D) BrdU-SCGE analysis (for details, see *Materials and Methods*). BrdU-positive and BrdU-negative cells were analyzed separately. The designations are the same as in (A).](3450fig3){#F3}

![Analysis of HS-induced DNA damage by TdT and PolI nucleotide analogue incorporation assays. Control (untreated) and heat-stressed (45.5°C, 30 min) mcf-7 cells were fixed, permeabilized, and subjected to a fluorescein-labeled nucleotide analogue (green channel) incorporation assay using either *E. coli* DNA polymerase I (A) or terminal deoxynucleotidyl transferase (B). As a positive control, mcf-7 cells fixed and then treated with DNase I (0.1 U/ml, 30 min) were used. After incorporation of a nucleotide analogue, the cells were immunostained with an antibody against γH2AX (red). The DNA was stained with DAPI (blue). A superimposition of the green and red channels is shown as "Merge." Scale bars: 20 and 5 μm (for last row).](3450fig4){#F4}

HS has a gradual effect on DNA replication
------------------------------------------

The presence of a significant number of single-stranded DNA breaks in S-phase heat-stressed cells, as indicated by the comet assay and the in situ end labeling ([Figures 3C](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}), might be due to a disruption of the DNA replication process. We found that the γH2AX foci colocalized with the replication foci in S-phase cells (see above, [Figure 2](#F2){ref-type="fig"}). This overlap is especially evident when the analyzed cell contains a relatively small number of replication foci ([Figure 5A](#F5){ref-type="fig"}). We use the abbreviation RF (replication-associated foci) to designate γH2AX foci that appear at sites of replication fork progression in response to HS. It is known that H2AX phosphorylation might be induced by replication arrest caused, for example, by aphidicolin or hydroxyurea ([Figure 5B](#F5){ref-type="fig"}; [@B16]; [@B27]). It was thus reasonable to suggest that HS causes the arrest of replication forks, which, in turn, triggers the phosphorylation of H2AX. To verify this possibility, we checked whether mcf-7 cells that were heat-stressed at different temperatures (42, 44, and 45.5ºC) retain the ability to incorporate BrdU into replication foci. As demonstrated by the immunostaining of incorporated BrdU, the 45.5ºC HS arrested DNA replication, while the 42 and 44ºC HS did not (data not shown). To investigate these effects more precisely, we used a DNA fiber analysis (molecular combing; [@B22]; [@B7]). The mcf-7 cells heat shocked for 30 min at 42, 44, or 45.5ºC were pulsed with BrdU (15 min) either directly after HS or after recovery for 0.5, 3, 6, and 24 h at 37ºC and were subjected to DNA fiber analysis. The tracks of incorporated BrdU were revealed by immunostaining ([Figure 5C](#F5){ref-type="fig"}). For each of the above-mentioned time points, the length of at least 150 tracks was measured, and the average replication velocity was calculated ([Figure 5C](#F5){ref-type="fig"}). The results obtained show that HS affects DNA replication gradually: only heating to 45.5ºC caused the complete arrest of replication fork progression, whereas heating to 42 or 44ºC merely decelerated replication in a temperature-dependent manner ([Figure 5C](#F5){ref-type="fig"}). To check what actually happened under mild HS conditions--- stochastic arrest of a portion of replication forks or a slowing down of all replication fork progression---we performed double-labeling experiments using BrdU and EdU incorporation. The results obtained clearly demonstrated that 1) under mild HS conditions (42 and 44ºC) virtually all replication forks were slowing down (not stopped); and 2) during the recovery after 45ºC, HS replication was mostly restarted and not initiated at new origins (Figure S3). At all temperature points, the recovery of replication started as early as 30 min and reached the control level within 6 h ([Figures 5C](#F5){ref-type="fig"} and S3). Interestingly, after 6 h of recovery, the apparent speed of replication fork progression actually exceeded the speed in control cells ([Figure 5C](#F5){ref-type="fig"}), which may represent a compensatory mechanism aimed to finish the DNA replication in time.

![HS has a gradual effect on DNA replication. (A) Human mcf-7 cells were pulse-labeled with BrdU (100 μM, 20 min), heat stressed (45.5°C, 30 min), and double-immunostained against γH2AX (red) and BrdU (green). Representative images are shown. Scale bar: 5 μm. (B) Human mcf-7 cells were pulse-labeled with BrdU (100 μM, 20 min), treated with aphidicolin (6 mM, 60 min), and double-immunostained against γH2AX (red) and BrdU (green). Scale bar: 20 μm. (C) A DNA fiber analysis (molecular combing) of the DNA replication speed under HS conditions. Human mcf-7 cells were heat-stressed for 30 min at different temperatures (42, 44, and 45.5°C) and allowed to recover at 37°C for 0, 0.5, 3, 6, and 24 h. After these time intervals, the cells were pulse-labeled with BrdU (100 μM, 20 min) and subjected to DNA fiber analysis. The tracks of incorporated BrdU were revealed by immunostaining. For each time point, the lengths of at least 150 tracks were measured, and the average replication velocity was calculated. The error bars represent the SEM. Representative images of the BrdU tracks are shown to the left of the graphs.](3450fig5){#F5}

H2AX molecules forming DF and RF are phosphorylated by different phosphatidylinositol 3-kinase--related kinases (PIKKs)
-----------------------------------------------------------------------------------------------------------------------

It is well established that H2AX is phosphorylated by phosphatidylinositol 3-kinase-related kinases: ATM, ATR, or DNA-PK ([@B5]; [@B11]; [@B48]). There are no cell cycle--dependent differences in the expression levels of these kinases; all three are expressed during G1, S, and G2 phases ([@B30]; [@B14]). However, it is possible that the H2AX molecules forming DF and RF are phosphorylated by different PIKKs. To address this question, we performed an inhibitory analysis using caffeine, a specific inhibitor of ATM/ATR ([@B42]), and NU7026, a specific inhibitor of DNA-PK ([@B61]). The mcf-7 cells were treated with these inhibitors for 3--6 h, pulsed with BrdU, heated to 45.5ºC for 30 min, and then subjected to double immunostaining with antibodies against γH2AX and BrdU. The results obtained showed that only RF were formed in the caffeine-treated cells, and only DF were formed in the NU7026-treated cells ([Figure 6A](#F6){ref-type="fig"}). Thus the phosphorylation of H2AX associated with DSBs in heat-stressed cells is mediated by ATM or ATR, while the replication arrest/delay--associated phosphorylation is mediated by a DNA-dependent protein kinase. To verify these data, we down-regulated expression levels of ATM, ATR, or catalytic subunit of DNA-PK using small interfering RNA (siRNA) technology. The mcf-7 cells knocked down for ATM, ATR, or DNA-PKcs were pulsed with EdU, heated to 45.5ºC for 30 min, and then immunostained for γH2AX and EdU (Figure S4). The results obtained fully confirmed the conclusions made on the basis of inhibitory analysis. Moreover, we managed to distinguish the roles of ATM and ATR in forming damage-associated γH2AX foci---ATM, but not ATR, mediated DNA damage--induced phosphorylation of H2AX in heat-stressed cells (Figure S4).

![Characterization of HS-induced γH2AX foci in human mcf-7 cells. (A) HS-induced H2AX phosphorylation is mediated by different PIKKs. Human mcf-7 cells were treated with either an ATM/ATR inhibitor (caffeine; 10 mM, 3 h) or a DNA-PKcs inhibitor (NU7026; 10 μM, 6 h), pulse-labeled with BrdU (100 μM, 20 min), heat stressed (45.5°C, 30 min), and double-immunostained against γH2AX (red) and BrdU (green). The DNA was stained with DAPI (blue). A superimposition of the green and red channels is shown as the "Merge." Scale bar: 20 μm. (B) The kinetics of γH2AX focus recovery after HS in mcf-7 cells. Human mcf-7 cells that were either untreated, treated with HS (45.5°C, 30 min), or treated with HS and allowed to recover for the indicated time intervals (1 and 6 h) were pulse-labeled with EdU (10 μM, 30 min) and then immunostained against γH2AX (red). EdU (green) was revealed by Click Chemistry. The DNA was stained with DAPI (blue). A superimposition of the green and red channels is shown as the "Merge." Scale bars: 20 μm.](3450fig6){#F6}

Another difference between DF and RF is their recovery time, which is the time required for the disappearance of the γH2AX foci (γH2AX dephosphorylation and/or displacement). We demonstrated that DF practically disappeared during the first 6 h of recovery at 37ºC, which was similar to typical DSB repair time ([@B21]; [@B25]), whereas RF remained visible for 24 or more hours. The restart of replication after 30 min of recovery of the cells at 37ºC (see above, [Figure 5](#F5){ref-type="fig"}) resulted in the physical separation of the replication foci and the γH2AX foci ([Figures 6B](#F5){ref-type="fig"} and S5).

H2AX phosphorylation rescues DNA replication fork from total collapse
---------------------------------------------------------------------

The most important question concerning the phosphorylation of H2AX in S-phase cells is whether this phosphorylation has a functional role. To approach this problem, we analyzed the effect of HS on DNA replication in the heat-stressed mcf-7cells that had been pretreated with the DNA-PK inhibitor NU7026 to prevent the replication-coupled phosphorylation of H2AX. HS was performed for 30 min at 42, 44, or 45.5ºC. The cells were pulsed with BrdU (20 min) and then subjected to DNA fiber analysis. Surprisingly, the suppression of H2AX phosphorylation led to an approximately twofold decrease in replication speed, as determined by the decrease in length of the BrdU tracks, in the cells heated to 42ºC and to replication arrest in the cells heated to 44ºC ([Figure 7A](#F7){ref-type="fig"}). The recently published results of [@B45]) suggested that DNA-PK had a crucial role in preventing DSB formation in response to aphidicolin treatment, which inhibits the DNA replication process. It is plausible that DSBs formed at the sites of replication fork movement may cause the above-described replication-associated effects of HS. To test this possibility, we performed a BrdU-neutral comet analysis on mcf-7 cells pretreated with NU7026 and then subjected to HS. [Figure 7B](#F7){ref-type="fig"} demonstrates the significant tail-moment increase in the cells subjected to this treatment. These results allowed us to conclude that H2AX phosphorylation at replication sites prevented the formation of DSBs and, therefore, rescued the DNA replication forks from total collapse.

![H2AX phosphorylation preserves the DNA replication fork from total collapse. (A) DNA fiber analysis (molecular combing) of replication speed under HS conditions in cells treated with NU7026. Human mcf-7 cells were treated with a DNA-PKcs inhibitor (NU7026; 10 μM, 6 h), heat stressed for 30 min at different temperatures (42, 44, and 45.5°C), pulse-labeled with BrdU (100 μM, 20 min), and subjected to DNA fiber analysis. The tracks of incorporated BrdU were revealed by immunostaining. For each treatment point, the lengths of 80--100 tracks were measured, and the average replication velocity was calculated. The error bars represent the SEM. (B) Neutral BrdU-SCGE analysis of the heat-stressed cells pretreated with the DNA-PKcs inhibitor. Human mcf-7 cells were treated either with HS (45.5°C, 30 min), NU7026 (10 μM, 6 h), or both (NU7026 and HS), and were then subjected to neutral BrdU-SCGE (BrdU incorporation was performed just before heating, as described in the legend to [Figure 3](#F3){ref-type="fig"}). Only BrdU-positive cells were analyzed. The percentage of cells demonstrating different tail moments is shown. The results of one representative experiment out of three reproducibly repeated experiments are shown.](3450fig7){#F7}

DISCUSSION
==========

DSB formation under HS conditions
---------------------------------

The literature concerning the possibility of DSB induction by HS is rather controversial. Most authors agree that by itself HS does not introduce DSB ([@B19]; [@B28], [@B29]). Nevertheless, some published results suggest that HS induces DSB, although to a lesser extent than do x-rays ([@B63]). The present study demonstrates that HS did actually induce the formation of DSBs. This conclusion is strongly supported by the results of the neutral SCGE analysis and by the TdT incorporation assay. Unexpectedly, the formation of DSBs under HS conditions turned out to be restricted to non--S-phase cells. The HS-induced DSBs were marked by H2AX phosphorylation, which was ATM-dependent ([Figure 8](#F8){ref-type="fig"}). The mechanism of DSB induction by HS is not clear. It is also not clear why the DSBs are induced only in non--S-phase cells. The G1 and G2 phases are fundamentally different. It is therefore not easy to suggest a mechanism that operates in both of these phases but does not operate in the S phase. One possibility is that DSBs are induced in the S phase as well but are very quickly repaired. It might also be hypothesized that HS-induced DSBs were not formed in the cells de novo, but were unmasked only for DNA damage sensors. This assumption is based on recently published data suggesting the existence in eukaryotic cells of unrepaired lesions that might be formed during S phase, transmitted to G2 and G1 (through mitosis) phases, and sequestered in 53BP1-containing nuclear compartments ([@B17]; [@B32]). One would expect that these compartments are degraded under HS conditions and that DSBs became accessible to DNA damage sensor systems. This might be the case, because we also managed to observe such 53BP1-containing compartments, which were disrupted in response to HS (Figure S6). However, the fact that we could not observe considerable existence of DSBs in untreated G1 and G2 cells (in comparison with S-phase cells) by neutral comet assay did not allow us to suggest this mechanism as the only possible one. These DSBs are likely to be introduced de novo, rather than unmasked by HS treatment. It has been proposed that HS-induced DSBs originate as a result of conversion of single-stranded DNA breaks formed due to replication fork collapse and/or the generation of reactive oxygen species ([@B4]; [@B50]). Our present results do not support the idea that the collapse of replication forks under HS conditions contributes to the formation of DSB. Indeed, if that notion were true, the DSBs would be generated in the S phase rather than in the G1 and G2 phases. As to reactive oxygen species, they might be considered as a possible, but not exclusive, cause of HS-induced DSBs. This problem requires further investigation.

![Model of the HS-induced, cell cycle phase--dependent histone H2AX phosphorylation.](3450fig8){#F8}

Suppression of DNA replication under HS conditions
--------------------------------------------------

Although the effect of HS on DNA synthesis has been known for ∼30 yr ([@B62]; [@B55], [@B56]), it has never been studied in detail using contemporary molecular and cellular biology techniques. Our results clearly show that HS induces replication arrest/delay in human cells. The most interesting trait of this effect was its gradualism; the different temperature conditions used led to a progressive decrease of the apparent speed of replication fork progression (42 and 44ºC) and finally to a total arrest of replication at 45.5ºC. In accordance with previous observations ([@B16]; [@B27]; [@B8]; [@B12]), we found that under HS conditions, H2AX was phosphorylated at BrdU incorporation (replication) sites. In contrast to DSB-associated H2AX phosphorylation, the replication-associated phosphorylation appeared to be mediated by DNA-dependent protein kinase ([Figure 8](#F8){ref-type="fig"}). The exclusive role of DNA-PK in γH2AX formation at replication sites might be due to its association with RPA at replication forks ([@B44]). Most importantly, the results of the present study suggest that the formation of γH2AX domains at or close to replication forks prevented replication arrest under mild HS conditions (42 and 44ºC) and that it is likely to protect stalled replication forks from a collapse that would result in the formation of DSBs. In this regard, it is noteworthy that a mechanism based on the DNA-PK-- and γH2AX--dependent prevention of DSB formation at replication sites was proposed to protect the integrity of genomes under conditions of replication arrest by aphidicolin ([@B45]).

Dual role of γH2AX
------------------

Since its discovery, γH2AX has been considered to be a marker of DSBs, recruiting repair factors to the sites of DNA damage ([@B14]; [@B40]; [@B35]; [@B6]). However, this interpretation had been brought into question by the results obtained during the last few years by several independent groups. In particular, it was shown that H2AX might be phosphorylated in a DSB-independent manner under hypoxic, HS, and replication-arrest conditions ([@B16]; [@B19]; [@B45]; [@B28], [@B29]). Nevertheless, it should be mentioned that the data regarding H2AX phosphorylations outside the DNA DSBs remain controversial, and the idea that γH2AX marks not only DSBs is not universally accepted. In this paper, we accurately showed that H2AX might be phosphorylated both in DSB-dependent and DSB-independent modes in one cellular population. Moreover, the results of our inhibitor analysis suggested that γH2AX formation was mediated by different PIKKs: ATM triggered the DSB-associated phosphorylation, while DNA-PK triggered the replication arrest/delay--associated phosphorylation ([Figure 8](#F8){ref-type="fig"}). In connection with these results, it should be noted that both enzymes (ATM and DNA-PK) have been previously claimed to phosphorylate H2AX in different situations ([@B48]; [@B46]). In this study, for the first time, we clearly discriminated the role of these enzymes in the DSB-dependent and replication arrest--dependent phosphorylation of H2AX. As to DSB-associated γH2AX, its functional role seems to be clear: it acts as a DNA damage secondary sensor, as described elsewhere (for a review, see [@B16]; [@B26]). In the case of replication arrest, it appears that phosphorylation of H2AX directly protects replication forks rather than participating in a signaling cascade.

It should be noted that under conditions of replication arrest, the majority of visible H2AX foci colocalize with replication foci. Such massive DSB-independent formation of γH2AX foci imposes serious restrictions on the utilization of γH2AX as a marker of DSB.

MATERIALS AND METHODS
=====================

Antibodies
----------

The primary antibodies used for immunofluorescence and/or Western blot hybridization were lamin B1 (rabbit; cat. \#ab16048; Abcam, Cambridge, MA), γH2AX (rabbit; cat. \#39117; Active Motif, Carlsbad, CA), γH2AX (rabbit; cat. \#ab2893; Abcam), γH2AX (mouse; clone JBW301; cat. \#05-636; Upstate/Millipore, Billerica, MA), BrdU (mouse; clone 131-14871; cat. \#MAB4072; Chemicon/Millipore), cyclin B1 (rabbit; cat. \#sc-752; Santa Cruz Biotechnology, Santa Cruz, CA), and 53BP1 (rabbit; cat. \# sc-22760; Santa Cruz Biotechnology). The secondary antibodies conjugated to either Alexa Fluor 488 or Alexa Fluor 555 were purchased from Molecular Probes/Invitrogen (Carlsbad, CA); the horseradish peroxidase--conjugated, anti--mouse and anti--rabbit immunoglobulin G (IgG) were purchased from Amersham/GE Healthcare (Waukesha, WI).

Cell culture and treatments
---------------------------

The human breast cancer cells (mcf-7) and the primary human fibroblasts were cultured in DMEM (PanEco, Moscow, Russia) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT). The human lymphoid cells (Jurkat) were grown in RPMI-1640 medium (PanEco) supplemented with 10% FBS. The cells were cultured at 37ºC in a conventional humidified CO~2~ incubator. The inhibitor of DNA-PK, NU7026 (Sigma-Aldrich, St. Louis, MO), was diluted in dimethyl sulfoxide (DMSO) and added to the culture media 6 h before heating at a final concentration of 10 μM. The inhibitor of topoisomerase II, VP16 (Sigma-Aldrich), was diluted in DMSO and added at a final concentration of 10 μg/ml for 30 min. For ATM/ATR inhibition, caffeine-sodium benzoate (Sigma-Aldrich) was diluted in phosphate-buffered saline (PBS) and added to supplemented medium for 3 h at a concentration of 10 mM. Replication arrest was induced by treating the cells with aphidicolin (Sigma-Aldrich) for 1 h at a concentration of 6 mM.

Hyperthermia
------------

Exponentially growing cells were immersed in a precision-controlled water bath at 42, 44, or 45.5°C (± 0.05°C) for 30 min. For the recovery experiments, the HS-treated cells were maintained at 37°C for 1, 3, 6, 12, or 24 h. Under the experimental conditions used, no marked change of pH was detected in the medium during the treatment.

BrdU and EdU incorporation
--------------------------

Exponentially growing cells were incubated with 100 μM BrdU (Sigma-Aldrich) or 10 μM EdU (Invitrogen) for 20 or 30 min, respectively, at 37°C. After incubation, the cells were washed three times with PBS and fixed in either CSK buffer (10 mM PIPES, pH 7.0, 100 mM NaCl, 1.5 mM MgCl~2~, 300 mM sucrose, and 1.2 mM phenylmethylsulfonylfluoride \[PMSF\]) supplemented with 1% paraformaldehyde (PFA) and 2.5% Triton X-100 for 15 min at room temperature or 100% cold methanol (−20ºC) for 10 min before staining. The samples were then processed using a Click−iT EdU Imaging Kit (Invitrogen) according to the manufacturer\'s recommendations or were immunostained as described below.

Immunofluorescence microscopy
-----------------------------

For immunostaining, MCF-7 cells were grown on microscope slides; an aliquot of the suspension of Jurkat cells was centrifuged onto silane-coated microscope slides (Sigma-Aldrich) at 1500 rpm for 5 min in a Cytospin 4 cytocentrifuge (Thermo Electron, Waltham, MA). All of the samples were fixed and permeabilized in either CSK buffer supplemented with 1% PFA and 2.5% Triton X-100 for 15 min at room temperature or 100% cold methanol (−20ºC) for 10 min. The fixed cells were washed three times (5 min each) in PBS (7 mM Na~2~HPO~4~, 1.5 mM KH~2~PO~4~, pH 7.4, 137 mM NaCl, and 2.7 mM KCl). For the BrdU immunostaining, DNA was denatured by 2 N HCl at 37ºC for 1 h and then neutralized in 0.1 M borate buffer. After being washed, the cells were preincubated with 1% bovine serum albumin (BSA) in PBS for 30 min and were then incubated with antibodies in PBS supplemented with 1% BSA for 1 h at room temperature. After incubation, the cells were washed three times (5 min each time) with PBS supplemented with 0.2% BSA and 0.05% Tween 20. Subsequently, primary antibodies bound to antigens were visualized using Alexa Fluor 488-- or Alexa Fluor 555--conjugated secondary antibodies. The DNA was counterstained with the fluorescent dyes 4,6-diamino-2-phenylindole (DAPI) or To-Pro 3 iodide for 10 min at room temperature. The samples were mounted using Dako fluorescent mounting medium (Dako/Invitrogen).

The immunostained samples were analyzed using a Leica DRMB fluorescence microscope (objectives: Leica N Plan 10×/0.25 and Leica 100× PH3 oil; camera: Leica DC 350F; acquisition software: Leica DCTwain version 5.1.1, Wetzlar, Germany), a Zeiss AxioScope A.1 fluorescence microscope (objectives: Zeiss N-Achroplan 40×/0.65 and Zeiss EC Plan-Neofluar 100×/1,3 oil; camera: Zeiss AxioCam MRm; acquisition software: Zeiss AxioVision Rel. 4.8.2; Jena, Germany) or a Leica TCS SP2 laser-scanning confocal microscope (objective: PL FLUOTAR 40.0×/1.0 oil; acquisition software: LCS). The images were processed using ImageJ software (version 1.44) and Adobe Photoshop CS5 (San Jose, CA).

Nuclear extract preparation and immunoblotting
----------------------------------------------

Exponentially growing mcf-7 cells were lysed by incubation in cell lysis buffer (10 mM NaCl, 20 mM HEPES, pH 7.6, 1.5 mM MgCl~2~, 1 mM ZnSO~4~, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol, and 1 mM PMSF) supplemented with Protease Inhibitor Cocktail (Roche, Indianapolis, IN) for 2 min on ice. After centrifugation, the pelleted nuclei were collected and shaken for 60 min on ice in nuclear extraction buffer (0.5 M NaCl, 20 mM HEPES, pH 7.6, 1.5 mM MgCl~2~, 1 mM ZnSO~4~, 20% glycerol, 0.1% Triton X-100, 1 mM dithiothreitol \[DTT\], and 1 mM PMSF) supplemented with Protease Inhibitor Cocktail (Roche). After centrifugation (7000 × *g* for 10 min), the nuclear extracts were stored at −70°C. The protein concentration was measured on a Qubit Fluorometer (Invitrogen).

Aliquots of each sample were separated by 12% SDS--PAGE and blotted onto polyvinylidene difluoride membranes (Hybond-P; Amersham/GE Healthcare, Fairfield, CT). The membranes were blocked overnight in 2% ECL Advance blocking reagent (GE Healthcare) in PBS containing 0.1% Tween 20 (PBS-T) and were then incubated for 1 h with a primary antibody diluted in PBS containing 0.1% Tween 20 and 2% blocking reagent. After three washes with PBS-T, the membranes were incubated for 1 h with secondary antibodies (horseradish peroxidase--conjugated anti--rabbit or anti--mouse IgG) in PBS containing 0.1% Tween 20 and 2% blocking agent. The immunoblots were visualized using an Amersham ECL kit. For data presentation, the films were scanned and processed with Adobe Photoshop CS5 software.

Flow cytometry
--------------

For the flow cytometry analysis, adherent cells were trypsinized with 0.25% trypsin for several minutes at 37ºC. The trypsin was inactivated with a fourfold volume of DMEM medium. Next the cells were filtered through a 40-μm nylon mesh and fixed with 70% ice-cold ethanol for 1 h. After fixation, the cells were washed three times with PBS and then incubated for 10 min in permeabilization buffer (PBS containing 0.1% Triton X-100). After being washed, the cells were incubated for 30 min at room temperature with 1 mg/ml RNase and 50 μg/ml propidium iodide. The samples were analyzed using a Beckman Coulter Epics Altra flow cytometer.

TdT labeling
------------

The cultured cells were fixed in CSK buffer for 15 min at room temperature. Following washing in PBS, the cells were preincubated at room temperature for 30 min with a 50-μl volume of TdT equilibration buffer containing 25 mM Tris-HCl (pH 7.2), 0.2 M potassium cacodylate, 1 mM CoCl~2~, and 0.01% Triton X-100. Next the cells were incubated at 37ºC for 1 h with equilibration buffer supplemented with 15 U terminal deoxynucleotidyl transferase (Fermentas, Vilnius, Lithuania) and 40 μM fluorescein-labeled dTTP. The reaction was terminated by washing the slides with PBS; the slides were then used for immunostaining. For a positive control, fixed cells were treated with RNase-free DNase I (1 U/ml; Fermentas) for 30 min at room temperature in PBS.

DNA PolI dUTP labeling (in situ nick translation)
-------------------------------------------------

Cells were fixed and permeabilized in CSK buffer (10 mM PIPES, pH 7.0, 100 mM NaCl, 1.5 mM MgCl~2~, 300 mM sucrose, and 1.2 mM PMSF) supplemented with 1% PFA and 2.5% Triton X-100 for 15 min at room temperature. After being washed, the cells were incubated at room temperature for 30 min with a 50 μl nick translation mixture containing 50 mM Tris-HCI (pH 7.5), 10 mM MgCl~2~, 1 mM DTT, 1 U of *Escherichia coli* DNA polymerase I (Fermentas), 10 μM each of dATP, dGTP, dCTP, and dTTP (Sileks, Moscow, Russia), and 3 μM fluorescein-labeled dTTP. The reaction was terminated by washing the slides with PBS; the slides were then used for immunostaining. For a positive control, fixed cells were treated with RNase-free DNase I (1 U/ml; Fermentas) for 30 min at room temperature in PBS.

Neutral SCGE (comet assay)
--------------------------

After treatment, cells were trypsinized with 0.25% trypsin for several minutes at 37ºC. The trypsin was inactivated with a fourfold volume of DMEM medium. Cells were filtered through a 40-μm nylon mesh and resuspended immediately in PBS at a concentration of 10^5^ cells/ml. A 50-μl aliquot of this suspension was mixed with 50 μl of prewarmed 1% low--melting point agarose type VII (Sigma-Aldrich), and 75 μl was pipetted immediately onto an agarose-coated (dried) electrophoresis glass slide. The slide was kept at 4°C for 10 min. The slide was then immersed in lysis solution (30 mM EDTA, 0.5% SDS, pH 8.0, supplemented with 10 μg/ml proteinase K) at 37°C for 1 h. After being washed with PBS, the slide was subjected to electrophoresis for 20 min at 1.5 V/cm. After electrophoresis, the slide was stained with a 1:10,000 dilution of SYBR Green. The comets were visualized under a Leica DRMB fluorescence microscope. The images of comets were analyzed with the CometScore software. For each sample, 100 randomly chosen cells were scored for the tail moment.

Alkaline SCGE
-------------

The cells were combined with low--melting point agarose at 37°C and spread onto a standard comet assay slide. The slides were incubated in cold alkaline lysis buffer (10 mM Tris-HCl, 2.5 M NaCl, 100 mM EDTA, pH 10, supplemented with 1% Triton X-100 and 10% DMSO) at 4°C for 1 h in the dark. The slides were removed from the lysis buffer, washed for 10 min in PBS, and transferred to an electrophoresis chamber. After equilibration for 20 min in electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH 13), electrophoresis was conducted at 25 V and 300 mA for 20 min. The slides were then washed in a neutralization buffer (0.4 M Tris, pH 7.5) three times for 5 min and stained as described for the BrdU-comet assay.

BrdU-SCGE (BrdU-comet assay)
----------------------------

For the BrdU-comet assay, after DNA labeling with 100 μM BrdU (Sigma-Aldrich), the cells were processed as described above. After neutral or alkaline electrophoresis, the gels were incubated in 2 N HCl for 1 h at 37°C and then neutralized in 0.1 M borate buffer. After being washed with PBS, the slides were preincubated with 1% BSA in PBS for 30 min and were then incubated with an anti-BrdU antibody (Chemicon/Millipore) in PBS supplemented with 0.2% BSA at 37°C for 1 h in a humid chamber. After incubation, the slides were washed three times (5 min each) with PBS supplemented with 0.2% BSA and 0.05% Tween 20. Subsequently, primary antibodies bound to antigens were visualized using Alexa 488--conjugated anti--mouse IgG (Molecular Probes/Invitrogen). The comets were counterstained with propidium iodide.

DNA fiber analysis
------------------

The cells were single-labeled with 10 μM BrdU for 20 min. For double labeling, the cells were pulsed with 10 μM EdU for 30 min before HS, and were then kept in fresh medium with 50 μM BrdU for 30 min. After treatment, cells were trypsinized with 0.25% trypsin for several minutes at 37ºC. The trypsin was inactivated with a fourfold volume of DMEM medium. The cells were resuspended immediately in PBS at a concentration of 20,000 cells/ml and centrifuged onto silane-coated microscope slides (Sigma-Aldrich) at 1500 rpm for 5 min in a Cytospin 4 cytocentrifuge. Next slides were placed in a Coplin jar with lysis buffer (0.5% SDS, 50 mM EDTA, pH8.0) in an upright position for 5 min at room temperature. To obtain more extended DNA fibers, we fixed the slides at a 70° angle, and lysis solution was dripped onto the top for 2 min. The slides were lifted up slowly and were fixed in 1% formaldehyde for 10 min. For detection of incorporated nucleotide analogues (BrdU and EdU), the DNA fibers were denatured in 2 M HCl for 1 h at 37ºC and neutralized in 0.1 M borate buffer (pH 8.5). The slides were rinsed in PBS and were then used for immunostaining. Incorporated EdU was revealed using Click Chemistry (Invitrogen).
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BrdU

:   bromodeoxyuridine

BSA

:   bovine serum albumin

DAPI

:   4,6-diamino-2-phenylindole

DF

:   damage-associated foci

DMSO

:   dimethyl sulfoxide

DSB

:   double-stranded breaks

DTT

:   dithiothreitol

EdU

:   5-ethynyl-2′-deoxyuridine

FBS

:   fetal bovine serum

HS

:   heat shock

HSP

:   heat shock protein

IgG

:   immunoglobulin G

IRIF

:   irradiation-induced foci

PBS

:   phosphate-buffered saline

PBS-T

:   PBS containing 0.1% Tween 20

PFA

:   paraformaldehyde

PIKK

:   phosphatidylinositol 3-kinase--related kinase

PMSF

:   phenylmethylsulfonylfluoride

PolI

:   DNA polymerase I

RF

:   replication-associated foci

RPA

:   replication factor A

SCGE

:   single-cell gel electrophoresis

siRNA

:   small interfering RNA

TdT

:   terminal deoxynucleotidyl transferase
